Calcium is a universal second messenger involved in various cellular processes including plant development and stress responses. Its conversion into biological responses requires the presence of calcium sensor relays such as calmodulin (CaM) and calmodulin-like (CML) proteins. While the role of CaM is well described, the functions CML proteins remain largely uncharacterized. Here, we show that Arabidopsis CML8 expression is strongly and transiently induced by Pseudomonas syringae, and reverse genetic approaches indicated that the overexpression of CML8 confers on plants a better resistance to pathogenic bacteria compared with wild-type, knock-down and knock-out lines, indicating that CML8 participates as a positive regulator in plant immunity. However, this difference disappeared when inoculations were performed using bacteria unable to inject effectors into a plant host cell or deficient for some effectors known to target the salicylic acid (SA) signaling pathway. SA content and PR1 protein accumulation were altered in CML8 transgenic lines, supporting a role for CML8 in SA-dependent processes. Pathogen-associated molecular pattern (PAMP) treatments with flagellin and elf18 peptides have no effects on CML8 gene expression and do not modify root growth of CML8 knock-down and overexpressing lines compared with wild-type plants. Collectively, our results support a role for CML8 in plant immunity against P. syringae.
Introduction
Like all living organisms, plants have to face the constraints of their natural environment such as the presence of biotic pathogens (e.g. bacteria, viruses and fungi) and abiotic stresses (e.g. drought, soil salinity and temperature) to maintain their growth and complete their development cycle. All these adverse environmental stimuli need to be perceived at the plant cell level to activate a signaling cascade involving transduction steps leading to signal conversion into cellular and molecular adaptive responses (Reddy et al. 2011 , Cheval et al. 2013 , Hamel et al. 2014 ). Among the second messengers able to participate in such signaling cascades, Ca 2+ ions play a crucial role in coordinating plant cell responses to both biotic and abiotic stresses (Reddy et al. 2011) . Complex spatio-temporal patterns of calcium influx (frequency, amplitude and distribution within the cell) are thought to encode information, linked to external stimuli. For instance, it was shown that calcium increases, induced by various biotic stimuli such as elicitors (Manzoor et al. 2012) , pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) (Medzhitov and Janeway 2002) , are essential to activate plant immunity (Grant et al. 2000 , Lecourieux et al. 2002 , Downie, 2014 .
However, these calcium messages must be decoded, relayed and amplified by calcium-binding proteins to allow cells to carry out the appropriate responses. Interestingly, compared with animals, plants possess unique calcium sensor families such as the calcium-dependent protein kinases (CPKs) and calcineurin-B like (CBL) and calmodulin-like (CML) proteins that support the existence of specific calcium signaling in plants (Hamel et al. 2014 , Kleist et al. 2014 , Zhu et al. 2015 . All the members of these families are characterized by the presence in their sequence of EF-hand domains, responsible for the calcium binding activity. Functional analyses revealed that CPKs are involved in many signaling processes associated with development, and biotic and abiotic stresses (Boudsocq et al. 2010 , Hamel et al. 2014 and that CBLs are critical in the regulation of membrane channels and transporters, and ultimately in various abiotic stresses such as salt, cold and drought (Batistič and Kudla 2009 , Batistič and Kudla 2012 , Kleist et al. 2014 . Calmodulin (CaM) is a well conserved calcium sensor in eukaryotes and is certainly one of the most studied calcium sensors known to regulate major cell events (McCormack et al. 2005 , Reddy et al. 2011 . Its contribution in plant physiology has been described through the identification and the functional analysis of its targets. Data illustrate the multifunctional properties of CaM that are able to regulate many cell processes including gene regulation, protein synthesis and ion homeostasis (Bouché et al. 2005) . Concerning CML proteins that are plant-specific Ca 2+ sensors, although their number in plants is much higher than that of CaM, their roles are still largely unknown. Indeed, genomes from dicots such as Arabidopsis and tomato or monocots such as rice, contain seven, six and five CaMs, respectively, whereas 50, 52 and 51 CML proteins are found in these model plants (Zhu et al. 2015) . However, the contribution of only a few CML proteins has been reported. Using a genetic approach, we previously showed that CML9 acts as a positive regulator of defense against microbial pathogens and as a negative regulator of abiotic stress responses (Magnan et al. 2008 , Leba et al. 2012 . Other examples of CML protein functions were recently well detailed in a review by dedicated to the description of the role of CML proteins in plant development and stress physiology. For instance, CML37 and CML42 have recently been found to play important roles during plant responses to herbivores and during plant development (Vanderbeld and Snedden 2007 , Dobney et al. 2009 , Scholz et al. 2014 ). Collectively, all these studies suggest that CML proteins do not present full functional redundancy and this offers the possibility to use genetic approaches to evaluate their individual functions. Together, these data indicate that CML proteins could be central components, acting in signaling 'cross-talk' and involved in the co-ordination of plant responses to multiple environmental constraints by acting as positive and/or negative regulators (Ranty et al. 2016) .
Up to now, we focused our work on CML9, a CML protein that belongs to the subgroup initially referred to as subgroup 2 in Arabidopsis Braam 2003, Magnan et al. 2008) . This classification was recently refined taking into the account the occurrence of CaM and CML proteins in genomes of plants of the green lineage. We then proposed to rename the CML group 2 as group Ib (Zhu et al. 2015) which includes proteins originating from plants other than Arabidopsis. Perochon et al. (2010) showed that CML9 interacts with PRR2, a pseudo-response regulator, and while PRR2 is also able to bind to other CML proteins from the same subgroup such as CML8, it cannot interact with CML10 or with typical CaM. Conversely, Cho et al. (2015) recently reported that CML10 interacts specifically with a phosphomannomutase whereas CML8, CML9 and typical CaM do not. Although these CML proteins are closely related, Cho's data support the view that CML proteins do not share similar and redundant functions. Concerning CML8, it was reported that CML8 gene expression is induced by salicylic acid (SA) and salt treatment (Park et al. 2010) . CML8 binds calcium and specifically activates phosphodiesterase but not NAD kinase, and complements a yeast cam null mutant (Zielinski 2002 , Park et al. 2010 . All these data strongly indicate that CML8 might contribute to calcium signaling in a similar manner to typical CaM. It was also reported that CML8 displays >80% identity at the protein level with soybean GmCaM4, a CML protein for which a role in plant pathogen and salt stress has been proposed (Yoo et al. 2005 , Rao et al. 2014 . The importance of calcium in plant-pathogen interactions is now well documented (Blumwald et al. 1998, Dodds and Rathjen 2010) , and the pathosystem between Arabidopsis thaliana and the epiphytic bacteria Pseudomonas syringae has contributed to deciphering many mechanisms ranging from bacteria perception, signaling processes and defense responses (Katagiri et al. 2002 , Cui et al. 2013 ). These bacteria can infect a wide range of plant species and are responsible for several symptoms such as chlorosis and necrosis in leaves and fruit (Lindeberg et al. 2012) . While the presence of bacteria can be rapidly perceived by the plant due to conserved microbial features such as PAMPs that elicit a first level of defense, the ability of P. syringae to proliferate and to provoke disease symptoms depends on the injection of type III secreted effectors (T3SEs) through the type III secretion system (T3SS). Owing to data previously reported for CML8, we decided to investigate the role of Arabidopsis CML8 in plant defense responses to P. syringae by in planta functional analyses. A reverse genetic approach using knock-out, artificial microRNA (amiRNA) and overexpressing lines was developed, and we show that CML8 contributes to plant immunity during the phytopathogenic bacteria P. syringae-Arabidopsis interaction. In order to provide support for the genetic evidence of the involvement of CML8 in plant immunity, we report a series of data on resistance markers that are positively modulated by CML8.
Results

CML8 gene expression is finely tuned at spatial and temporal levels during Arabidopsis development
Thanks to public data released from numerous microarray analyses performed in Arabidopsis, abundant information is now available for gene expression during plant development and in response to diverse stimuli (Hruz et al. 2008) . Concerning CML8 gene expression, microarray data indicate that it is not constitutively transcribed throughout plant development, and data from Park et al. (2010) showed that CML8 transcripts are detected in root, leaves and flowers. In order to refine and to gain new insights into CML8 expression patterns, we used two complementary approaches. Quantitative reverse transcription-PCR (RT-PCR) experiments first confirmed that CML8 transcripts are accumulated in particular organs such as roots, flowers and leaves (Fig. 1A) . Then, using three independent transgenic lines carrying a 1.5 kb promoter region from the CML8 gene fused to the b-glucuronidase (GUS) reporter gene (Fig. 1B-L) , we show that GUS activity is detected in both root and aerial parts, but only in particular tissues or cells. No GUS staining was observed in mature seeds or during germination (Fig. 1B) . Two-day-old seedlings displayed GUS activity in the vasculature of the hypocotyl (Fig. 1C) , and this staining was also observed in the veins of adult leaves (Fig. 1H) ; a high level of GUS staining was detected in specialized leaf structures such as hydathodes and stomatal guard cells (Fig. 1I, J) . In reproductive organs, GUS staining is limited to anthers in flowers (Fig. 1K) and, during fruit development, no GUS staining activity is observed in siliques except at the base of the pedicel (Fig. 1L) . Finally, as previously mentioned, CML8 is transcribed in roots (Fig. 1A) , but we show here that its expression is restricted to lateral root primordia (compare Fig. 1E-G) . Collectively, our data show that CML8 expression is finely regulated, suggesting that CML8 may function in several organs and tissues at particular developmental stages during development and morphogenesis.
CML8 gene expression is modulated following inoculation with a phytopathogenic bacterium Gene expression of many CML genes is reported to be induced by environmental stresses . Here, we evaluated CML8 gene expression in response to the virulent phytopathogenic bacterium Pseudomonas syringae pv. tomato strain DC3000 (Pst DC3000). Using quantitative RT-PCR and transgenic CML8 promoter-GUS reporter lines, we showed that CML8 expression is significantly induced by the presence of bacteria (Fig. 2) . According to quantitative RT-PCR analyses, this induction is 20-fold higher than in controls, is transient and reaches a maximum after 6 h before returning to its initial level in 24 h ( Fig. 2A) . As shown by results obtained with promoter CML8-GUS reporter lines, strong induction is observed in leaves and in the vascular tissues of primary roots (Fig. 2B) . Moreover, we determined whether CML8 gene expression is responsive to wounding. Leaf incisions were performed and GUS activity was detected after 3, 6 or 12 h compared with control conditions, but no CML8 gene induction was observed ( Supplementary Fig. S1 ). These data show that CML8 is an early responsive gene upon P. syringae inoculation, and this raises the question about CML8's involvement in plant-microorganism interactions.
Analysis of Arabidopsis transgenic lines altered in CML8 gene expression
To examine the contribution of CML8 in plant responses to P. syringae, a reverse genetic strategy was first developed by searching available T-DNA insertional mutants. We characterized putative mutant lines for CML8 in the Columbia (Col) accession (Salk 11457 and GK-624A04). However, none of these lines was knocked-out in the CML8 gene. A knock-out mutant was available in the Wassilewskija 4 (WS-4) accession (INRA, Versailles), and homozygous mutant lines were obtained and PCR experiments were carried out to confirm the allelic status of the T-DNA as well as the absence of CML8 transcripts in the mutant ( Supplementary Fig. S2 ). However, because the WS-4 accession is known to be defective for the flagellin receptor FLS2 (Zipfel et al. 2004, Thor and Peiter 2014) and due to the absence of available full knock-out mutants in the Col accession, an alternative strategy was developed. We decided to generate amiRNA lines to knock-out or known-down CML8 transcripts as well as overexpressing lines (P35S::cdsCML8-HA) in the Col-8 Arabidopsis accession. We generated amiRNA designed to target CML8 endogenous mRNA because it was reported that amiRNAs can efficiently silence single genes (Schwab et al. 2006) . The level of CML8 expression in the amiRNA line (amiRNA2.3.2) was evaluated and is presented in Fig. 3A . CML8 transcript accumulation is decreased by about 60% in amiRNA2.3.2 compared with the wild type (WT). As CML8 belongs to the CML subgroup Ib (Fig. 3B) , and because it exhibits important similarities with four other related CML proteins, we cannot rule out the possibility that the amiRNA construct also alters the expression of those CML proteins. To reject this possibility, we checked the expression level of CML9, 10, 11 and 12, and of CaM1 which encodes a typical CaM, by quantitative RT-PCR using specific primers. We did not observe altered expression for these CML genes in the amiRNA2.3.2 line compared with the WT (Fig. 3A) . These data indicate that an amiRNA strategy specifically targets CML8 without any side effects on the related CML gene expression. Concerning CML8-overexpressing lines, they were obtained using the open reading frame (ORF) of CML8 fused to the 3HA epitope under the control of the 35S Cauliflower mosaic virus (CaMV) promoter. Two independent transgenic lines (OECML8 2.3 and OECML8 3.2) were used in this work and characterized at both the gene expression and protein levels. The CML8 expression level is constitutively increased by 500-to 1,000-fold in OECML8 3.2 and OECML8 2.3, respectively, compared with the WT line Col-8 (Fig. 3C) . The presence of CML8 tagged protein was checked in these two lines after a total protein extraction and Western blot using an antibody raised against the 3HA (hemagglutinin) epitope (Fig.3D) . The results show that CML8 is strongly accumulated in these two transgenic lines and, as expected, no signal was observed with the crude extract prepared from the WT.
CML8 contributes to plant immunity in response to P. syringae infection
The behavior of all CML8 genotypes was analyzed following inoculation by the P. syringae DC3000 strain. In order to validate and to strengthen the phenotypes at various developmental stages, two Pst infection modes were used in this work by inoculating Arabidopsis rosette leaves by infiltration (Katagiri et al. 2002) and by immersion of Arabidopsis seedlings (Ishiga et al. 2011) . We first used 4-week-old Arabidopsis plants which were hand-infiltrated with a bacterial inoculum. Interestingly, using gain-of-funtion or partial loss-of-function genotypes generated in the Col-8 accession, differences in chlorosis symptoms were observed at 3 days post-inoculation (dpi) among different genotypes (Col-8) (Fig. 4A) . While enhanced chlorotic symptoms are observed in the amiRNA line compared with the WT, fewer symptoms are visible in OECML8 lines, suggesting a contribution of CML8 to P. syringae defense responses. To validate this observation, we performed quantitative analyses by in planta quantification of bacterial growth [inoculum growth content (IGC)] (Fig. 4B ). Bacterial growth decreased by about 10-fold in OECML8 lines compared with the WT, whereas a weak increase is observed in amiRNA genotypes (Fig. 4B) . As indicated above, we used a second inoculation method using 10-day-old Arabidopsis seedlings and the flood inoculation assay, allowing reliable and robust quantification of bacterial growth (Ishiga et al. 2011) . The results are presented in Fig. 4C for Col-8 accessions and confirm those previously obtained using the infiltration method. The same experiments, using two bacteria inoculation modes, were also performed with WS-4 accession genotypes (WT and cml8.1 knock-out plants) ( Supplementary Fig. S3A-C) . Chlorosis symptoms observed at 3 dpi were comparable between the WT and knock-out lines. Multiple and independent in planta quantifications of bacterial growth (IGC) were performed but no significant difference was observed in amiRNA lines compared with the WT in the Col accession, or for the cml8.1 knock-out mutant compared with the WT (WS-4). The effect of a mutation in CML8 or its downregulation does not confer a strong increase in bacterial susceptibility as expected, but we cannot exclude putative partial functional redundancy between CML8 and other CML proteins. However, the results reported here support a role for CML8 in P. syringae responses in Arabidopsis, and this is observed during the whole plant development process (adult stage and seedling) and indicates that the overexpression of CML8 is correlated to an increase in plant resistance to bacteria.
CML8 does not contribute as a major player in PAMP-dependent responses
To decipher the role of CML8 in plant responses to bacteria, we evaluated the effects of flagellin and EF-Tu, two major PAMPs, on CML8 gene expression. Indeed, these PAMPs are present in P. syringae and are perceived by plant receptors (FLS2 and EFR, respectively). This recognition ultimately initiates the first level of defense responses, referred to as PAMP-triggered immunity (PTI). For this purpose, we use two synthetic peptides, flg22 and elf18, that mimic the effect of full-length flagellin and EF-Tu proteins. GUS activity was first analyzed in a transgenic CML8 promoter-uidA gene fusion (Fig. 5A) . The results clearly indicate that no induction of CML8 is observed following flg22 or efl18 peptide application as compared with control conditions (Fig. 5A) . Nevertheless, we evaluated the effect of these PAMPs on CML8 genotypes using root growth assays as described by Gómez-Gómez et al. (1999) . Five-day-old seedlings were cultured in the presence of two concentrations (1 and 5 mM) of flg22 and elf18 peptides for 6 d before primary root growth measurements. Concerning flg22 treatments, and as expected for the two genotypes in the WS-4 accession, no difference was observed ( Supplementary Fig. S4 ). This is due to the absence of a functional flagellin receptor FLS2 in the WS-4 accession, and this response was also obtained with the fls2 mutant, used here as a control. In contrast, all Col-8 genotypes (WT, amiRNA2.3.2 and CML8-overexpressing lines) are flagellin sensitive. Indeed, a reduction of root growth was observed at both concentrations of flg22 peptide, but measurements of root length show that no differences occur among these genotypes (Fig. 5B) , indicating that CML8 is certainly not a major player in flagellin-dependent signaling pathways. Similar experiments were carried out using the peptide elf18 with all the CML8 genotypes (both Col-8 and WS-4 backgrounds) and with the EF-Tu receptor mutant (efr) as a control ( Fig. 5C ; Supplementary Fig. S5 ). As expected, the efr mutant is insensitive to elf18 treatment. For CML8 genotypes, and whatever the genotype used, elf18 peptide treatment is responsible for a decrease of growth as measured by root growth measurement and more significantly by measuring the dry weight of plants after 6 d of treatment (Fig. 5C) . However, no significant differences were observed between the genotypes, indicating that, as for flg22 treatment, CML8 does not act as a key element in the EFTu signaling pathway following P. syringae inoculation. Collectively, the results obtained indicate that CML8 is probably not involved in flagellin and EF-Tu pathways, but we cannot formally exclude that it contributes to other PAMP signaling pathways or that partial functional redundancy occurs between CML8 and other CML proteinss.
CML8 alters the effect of type III secreted effectors
It is well known that the virulence of many pathogenic bacteria greatly depends on the injection of bacterial effectors by the T3SS. Thus, to go deeper, we explored the contribution of CML8 to effector-triggered susceptibility (ETS) by using a Pst DC3000 hrcC -modified strain (Yuan and He 1996) . This strain is deficient in the T3SS that is necessary for effector delivery into host plant cells. Compared with the full virulent Pst DC3000 strain, hrcC -is unable to counteract the first layer of plant defense triggered by PAMP perception. We first analyzed CML8 expression following hrcC -inoculation on transgenic lines harboring the CML8 promoter::GUS construct. As shown in Fig. 6A , hrcC -inoculation induced CML8 gene expression. However, although CML8 gene induction with hrcC -inoculation is lower than the induction observed with the full virulent Pst DC3000 strain (Fig. 2B) , the tissue localization patterns of CML8 expression , amiRNA line and CML8-overexpressing lines caused by Pst DC3000 infection. Leaves of 4-week-old plants were syringe-infiltrated with 2.5 Â 10 6 cfu ml -1 Pst DC3000; photographs were taken at 3 dpi. Control treatment (mock) corresponds to infiltration of the mock solution used for inoculum dilution. (B) Quantification of in planta bacterial growth was performed at 2 dpi of Pst DC3000 infection for Col-8, overexpressing and amiRNA lines. Leaves of 4-week-old plants were syringe-infiltrated with 2 Â 10 5 cfu ml -1 Pst DC3000. (C) Ten-day-old seedlings were inoculated using immersion in MS medium containing 1 Â 10 7 cfu ml -1
Pst DC3000. Numbers of bacteria inside seedlings were quantified after 12 h inoculation. Data are calculated from three independent biological replicates; each of them includes three technical replicates. P-values were calculated using the Student's t-test (two-tailed) to indicate significant differences between the genotypes. * and ** indicate significant differences compared with the WT at P < 0.05 and at P < 0.01, respectively. Error bars = SEM. As a control, IGC determination was also performed after bacterial inoculation (day 0) and indicates that the amount of inoculated bacteria was similar in all genotypes (not shown).
are similar. Then bacterial growth was measured following plant inoculation with the hrcC -strain, and the results are presented in Fig. 6C and D. Compared with data reported in Fig. 4 using the Pst DC3000 strain, in planta hrcC -bacterial growth is strongly reduced. However, no significant differences were observed among the different genotypes used whatever the inoculation method used (Fig. 6C, D; Supplementary Fig.  S6 ). This supports CML8's contribution to the enhancement of resistance and/or to the reduction of susceptibility to a virulent strain of Pst. Results obtained with Pst DC3000 hrcC -suggest that CML8 could thwart the effect of bacterial effectors.
In the work published by Park et al. (2010) , it was reported that CML8 is induced by SA treatment. It is well documented that SA mediates host immunity and that the SA pathway is targeted and suppressed by several bacterial effectors (Katagiri et al. 2002) . Using the CML8 promoter::uidA transgenic lines, we confirmed CML8 gene induction by SA, as reported by Park et al. (2010) (not shown). We then used the Pst DC3000 ÁCEL mutant strain, which presents a mutation in the CEL locus that encodes effectors known to suppress SA-dependent basal immunity (DebRoy et al. 2004 ). The ÁCEL mutant strain is significantly less virulent in tomato and Arabidopsis (Alfano et al. 2000 , Nomura et al. 2006 ). CML8 gene expression was first evaluated following inoculation with Pst DC3000 ÁCEL (Fig. 6B) and, as reported for Pst DC3000 and hrcC -inoculations, CML8 is also induced by the ÁCEL mutant strain. The sensitivity of CML8 genotypes was then evaluated by IGC experiments following ÁCEL inoculation in Col and WS accession genotypes ( Fig. 6C, D; Supplementary Fig. S6 ). Compared with the Pst DC3000 strain, ÁCEL bacterial growth is strongly reduced but, interestingly, no differences in in planta bacterial growth were observed in the knock-out, knock-down and CML8-overexpressing lines, suggesting that CML8 might antagonize effector activity during ETS.
PR1 accumulation and SA content are altered in CML8 modified genotypes following P. syringae infection It is well known that SA plays a key role in co-ordinating Arabidopsis defenses upon Pst infection. To better understand the contribution of CML8 to these processes, we first analyzed an SA-associated marker by evaluating the PR1 (PathogenesisRelated gene 1) protein level in Col accession lines using a PR1 antibody (Fig. 7A) . A single signal of 17.7 kDa corresponding to PR1 is detected in all genotypes 24 h after DC3000 inoculation. As a loading control, we used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) detected with a polyclonal anti-GAPDH antibody. Quantification of the signals [24 hours post-inoculation (hpi)]) with Image Lab (Biorad) allows the ratio between the intensities of the bands of PR1 and GAPDH to be calculated. From these ratios, it appears that the PR1 level is about 20% lower in the amiRNA line and about 35% higher in the overexpressing line compared with the WT.
As we highlighted differences on PR1 accumulation between CML8 genotypes and WT plants, we then quantified the total amount of SA upon Pst DC3000 inoculation in Col (Fig. 7B) and WS ( Supplementary Fig. S7 ) accessions at 0, 9, 12, 24 and 48 hpi. In both accessions, the level of SA increased significantly from 24 h and the amount of SA accumulated was higher in Col than in WS accessions. A significant decrease in total SA was observed in amiRNA lines and in knock-out lines 48 hpi as compared with the WT and overexpressing lines that correlated to PR1 accumulation (Fig. 7B) . Collectively, the overaccumulation of PR1 in CML8-overexpressing lines Five-day-old-seedlings cultured in MS medium were transferred to liquid MS medium with or without 1 and 5 mM flg22 or elf18 and grown in a culture chamber for 6 d before analysis. Each experiment was conducted in triplicate using at least five plants. P-values were calculated using the Student ttest (two-tailed) to indicate significant differences between the genotypes. * and ** indicate significant differences compared with the WT at P < 0.05 and at P < 0.01, respectively. Error bars represent the SEM.
correlated with an equal amount of SA between WT and overexpressing lines, suggesting that the overexpression of CML8 led to an SA-hypersensitive phenotype.
Discussion
The existence of CML proteins was discovered following the analysis of the Arabidopsis genome (Arabidopsis Genome Initiative 2000) and the presence of so many plant-specific calcium sensors questions their respective roles in plant physiology.
Here, we report data on CML8, a CML protein from Arabidopsis which presents 73% identity at the protein level with the typical CaM. Several data, already published about CML8, indicate that this protein is able to bind calcium but also to regulate enzyme activity, and its closest homolog in soybean (GmCaM4) has been shown to be involved in both pathogen and salt stress (Zielinski 2002 , Yoo et al. 2005 , Park et al. 2010 , Rao et al. 2014 . The phylogenic tree of Arabidopsis CML proteins Braam 2003, Zhu et al. 2015) clearly shows that many CML proteins probably originate from duplication events but, unlike CaMs that are constitutively expressed, CML genes are often considered as early and transiently responsive to biotic and abiotic stresses (McCormack et al. 2005 , Hruz et al. 2008 . Moreover, it was demonstrated that CML proteins can also show tissuespecific expression like CML8, but also CML9 (Magnan et al. 2008 ) and CML39 during seedling establishment . It was also reported that some CML proteins present a specific subcellular location, such as CML30 in the mitochondria, CML3 in the peroxisomes and OsCaM61 from rice in the plasma membrane (Dong et al. 2002 , Chigri et al. 2012 , and collectively all these results support the ultimate contribution of CML proteins to particular and specific roles. cfu ml -1 hrcC -or ÁCEL strains. Data are calculated from three independent biological replicates; each of them includes three technical replicates and error bars represent the SEM. Student's t-test was performed. As a control, IGC determination was also performed after bacterial inoculation (day 0) and indicates that the amount of inoculated bacteria was similar in all genotypes (not shown).
Here, we focused our study on the CML8 function following P. syringae inoculation. CML8 gene expression is strongly but transiently induced following Pst DC3000 inoculation and, in a recent work, Yang et al. (2015) demonstrated that, using an RNA-sequencing approach in tomato, Pst DC3000 significantly induced the expression of several CaM-related genes such as the Solyc06g053930 gene that is the closest homolog of the Arabidopsis CML8 in the tomato genome (Zhu et al. 2015) . In our work, we show that the CML8 gene is induced in Arabidopsis plants upon Pst DC3000 inoculation and that we still observed the same pattern using the hrcC -and the ÁCEL Pst strains but not in response to application of PAMPs such as flagellin and elf18 peptides. This indicates that induction of CML8 transcription depends on the presence of the whole bacteria or is linked to PAMPs other than flagellin and elf18.
By a reverse genetics approach, we showed that CML8 is involved in plant defense responses against the epiphytic pathogenic bacteria P. syringae. Indeed, increases of the CML8 expression level can be correlated to a reduced susceptibility or to an enhanced resistance to P. syringae inoculation. The molecular processes controlled by CML8 have not yet been characterized, but it appears that CML8 function may not be linked to PTI but rather to bacterial effector delivery into the plant cell. CML8 might interfere with bacterial effectors targeting the SA pathway either directly or indirectly. Indeed, using different P. syringae mutated strains, i.e. one that is unable to inject effectors into plant host cells due to a mutation in T3SS (hrcC -) or one in which several effectors known to target the SA pathway have been deleted (ÁCEL), we show that the CML8 genotypes behave like the WT, whereas following plant inoculation with the full virulent strain of Pst DC3000, the knock-out and amiRNA lines seem more susceptible and the overexpressing lines more resistant than the WT.
These data suggest that CML8, unlike CML9, is probably involved in ETS rather than in PTI. Indeed, CML9 belongs to the same subgroup as CML8, and contributes to plant immunity against P. syringae in association with the flagellin-dependent pathway, whereas this is not the case for CML8 (Leba et al. 2012) . To date, only a single report in plants has indicated that a calcium sensor can be the cofactor of a pathogen effector (Guo et al. 2016) . While CaM has long been known to be a cofactor for mammalian pathogen toxins (Wolff et al. 1980) , it was recently demonstrated that plant CaM is also required by the HopE1 effector from Pst to target MAP65, a microtubule-associated protein, to reduce plant immune responses (Guo et al. 2016) . The work reported here brings additional data in support of other calcium sensors, such as CML8, that could be linked to ETS, and paves the way for further investigations.
It is well established that SA is considered as an essential signaling molecule in defense responses due to Pst DC3000 
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Fig. 7 PR1 protein content and SA quantification in response to Pst DC3000 inoculation in CML8 genotypes. (A) Detection of PR1 protein by Western blot following Pst DC3000 inoculation. Total protein was extracted and equal amounts of protein were loaded for Western blot analysis using antibodies raised against GAPDH (At3g04120) as reference. Signals were quantified using Image Lab 5.2.1(Bio-Rad), and the intensity ratio PR1/GAPDH is indicated. (B) HPLC quantification of total SA levels was performed in Arabidopsis leaves of 4-week-old plants following DC3000
(1 Â 10 6 cfu ml -1 ) infiltration at 0, 9, 12, 24 and 48 hpi. Data are representative of three replicates from three independent experiments. Error bars represent the SEM. ** indicates significant differences compared with the WT at P < 0.01. attack (DebRoy et al. 2004, Boatwright and Pajerowska-Mukhtar, 2013) . Interestingly, PR1 accumulation is modified in CML8 genotypes following Pst inoculation, supporting a contribution of CML8 to SA homeostasis and/or sensitivity. Some of the results obtained in this work illustrate that knock-out and knock-down lines show discreet phenotypes compared with the WT, with a small increase in bacterial growth content compared with the WT, while overexpressing lines always exhibit a stronger phenotypes with a lower susceptibility to Pst. However, the PR1 amount and SA content were significantly altered in the knock-out compared with the WT and overexpressing lines. These apparent discrepancies could be explained by a partial functional redundancy between CML8 and, for instance, other CMLs or by the fact that the overexpression of CML8 led to an enhanced SA sensitivity phenotype that could explain an enhancement of defense responses. To eliminate the possibility that CML8 overexpression leads to side effects such as a calcium-buffering effect, overexpressing lines as well as knock-down and knock-out lines were genetically transformed to produce aequorin, a calcium reporter protein. Real-time calcium monitoring and quantification were performed and no difference was observed in calcium variations, thus ruling out a possible calcium-scavenging effect in CML8-modified transgenic lines ( Supplementary Fig. S8 ).
Although CML8 gene expression is induced by pathogen inoculation, we also demonstrated that CML8 is transcribed in specific organs or cells such as in lateral root primordia, hydathodes, stomata and stamens. These data suggest that CML8, and probably many other CMLs, is a multifunctional protein involved in various developmental processes and in stress responses . The identification of CML-interacting proteins is of great interest and a major challenge to better understand the function, and it was shown, using yeast two-hybrid and protein array screens, that CML8 could interact with different targets such as a transcription factor (PRR2), several protein kinases (CDC2-like kinase, MAPKKK20 and BRI1 receptor kinase) and auxin-related proteins (SAUR_B and IAA31) (Popescu et al. 2007 , Perochon et al. 2010 , Oh et al. 2012 . Even though all these interactions as well as the specificity of these interactions have not yet been validated by in planta methods, they support the hypothesis that CML8 is involved in various physiological responses through the regulation of different downstream interacting proteins.
Finally, according to phylogenetic analyses, it was reported that CML8 could be the functional ortholog of the soybean CML protein, GmCaM4. The overexpression of GmCaM4 in tobacco leads to spontaneous necrotic lesions, and these transgenic plants are more resistant to various pathogens such as P. syringae but also to other organisms including fungi and viruses (Do Heo et al. 1999) . These data, based on the overexpression of GmCaM4 in a heterologous plant system, were recently and elegantly validated in soybean (Rao et al. 2014 ). However, although all these data pointed to a positive role for GmCaM4 in plant defense, GmCaM4 molecular-dependent processes involved in defense responses are SA independent. While we showed here that CML8 also makes a positive contribution to plant defense, its role is associated with the SA-dependent pathway. Knowing that the overexpression of GmCaM4 also enhances resistance to salt stress (Rao et al. 2014) , we analyzed the behavior of all the CML8 genotypes under salt stress conditions. Salt stress tolerance assays were performed on whole plants ( Supplementary Fig. S9 ), and no significant differences between the CML8 genotypes were observed compared with the WT. This indicates that CML8 does not participate in salt stress responses like GmCaM4. Thus, we can reasonably propose that although CML8 and GmCaM4 are closely related, they certainly evolved specific and different functions in Arabidopsis and in soybean.
CML8 participates as a positive regulator of defense responses. However, compared with CML9, also described as a positive regulator of defense but linked to PTI, we could hypothesize that CML8 could modulate, directly or not, the effects of bacterial effectors that probably target the SA signaling pathway. It could be attractive to hypothesize that CML8 is a direct target of bacterial effectors, but we cannot rule out that CML8 contributes to sequestering or protecting interacting protein partners, themselves targets of P. syringae effectors. These data illustrate the complexity of calcium signaling and highlight the importance of calcium; the next step will be to identify the CML8-interacting proteins to better understand how they control plant defense.
Materials and Methods
Plant material, culture conditions and molecular characterization of cml8.1 mutant lines Two accessions, Col-8 and WS-4, of the model plant A. thaliana were used in this work. A T-DNA insertional mutant impaired in CML8 (At4g14640) [cml8.1 (WS-4)] was purchased from INRA Versailles. To avoid variations in seed quality, all the seeds were harvested from plants cultivated in identical conditions over the same time period and stored in the same way. Seedlings were obtained by sowing surface-sterilized seeds on agar plates containing Murashige and Skoog (MS) medium. The plates were incubated for 3 d at 4
C to break any residual dormancy of the seeds, and then transferred into a growth chamber at 20-22 C with a 16 h photoperiod. Arabidopsis plants were grown in pots filled with TKS2 peat Floratorf under growth chamber conditions at 20 C with a 16/8 h light/dark photoperiod given by 36 W fluorescent tubes (12 W m -2 ) and under 60% humidity.
The cml8.1 mutant plants were analyzed at both the genomic and RNA levels. PCR assays were performed on genomic DNA from the WT (WS-4) and the cml8.1 mutant to evaluate the allelic state of T-DNA in the CML8 gene using primers located on CML8 (F1, R1) and on T-DNA (Tag5). The PCR product was sequenced to check the insertion site of the T-DNA in the CML8 gene. Primers for the actin-2 gene (At3g18780) were used as a control. Detection of CML8 transcripts was performed using RT-PCR on total RNA. A 1 mg aliquot of RNA was subjected to reverse transcription using the High Capacity Reverse Transcription kit from Applied Biosystems. Then, PCRs were performed using either primers for CML8 transcript detection (F2, R2) or actin-8 (At1g49240) as a positive control. All the oligonucleotide sequences used in this study are described in Supplementary Table S1 .
Generation and characterization of CML8 artificial microRNA and CML8-overexpressing transgenic lines
To alter CML8 transcript accumulation, amiRNA transgenic lines were generated in the Col-8 accession. We used the miRNA 171b sequence as a matrix to form a hairpin complementary region to produce a specific miRNA directed against CML8. By PCR, we produced and ultimately cloned a sequence from the 3 0 -untranslated region (UTR) of CML8 mRNA (5 0 AAGGTAACGTAGTTTTTCT AAATCTGTTTA 3 0 ) in the pPEX-Ds-Red vector. The cloned sequence was checked by sequencing, and the vector was introduced into the Agrobacterium tumefaciens GV3101 strain before transforming the WT Col-8 plants. Transformants were then selected using their kanamycin resistance property and the progeny were produced. Characterization of the efficiency of the construct as well as its specificity against the typical CaM (CaM1) and CML proteins closely related to CML8 (CML9, CML10, CML11 and CML12), were performed by quantitative RT-PCR on total RNA prepared from WT and CML8 amiRNA lines using specific primers for CML proteinss of interest.
Transgenic Arabidopsis (Col-8) plants overexpressing the CML8 coding sequence fused at the C-terminus to the 3HA epitope under the control of the 35S CaMV promoter were generated using the pAM-PAT Gateway vector before plant transformation. Two independent homozygous lines (OECML8 2-3 and OECML8 3-2) were obtained and characterized to check for the presence of the transcript by quantitative RT-PCR with F2 and R2 primers in comparison with the WT (Col-8) . The presence of 3HA-tagged CML8 protein was also checked by Western blot on total proteins extracted from the WT and overexpressing lines using a horseradish peroxidase (HRP)-coupled antibody raised against the 3HA epitope (Roche).
Generation of CML8 promoter-GUS expression transgenic lines and GUS staining
To generate the CML8 promoter::uidA construct, a DNA fragment ranging from the initiation ATG codon to the 1.5 kb upstream region of the CML8 coding region was PCR amplified using specific primers (Supplementary Table S1 ). The sequence was cloned into the pKGWFS7 Gateway vector. After DNA sequencing, the resulting plasmid was introduced into A. tumefaciens strain C58C1 (pMP90), and transformation of A. thaliana ecotype Col-8 was performed by the floral dipping method (Clough and Bent 1998) . Transgenic lines were selected on a kanamycin-containing medium, and three independent lines (T 3 progeny) homozygous for kanamycin resistance were used for the experiments. For GUS staining, various tissues from T 3 transgenic reporter lines were treated as reported by Magnan et al. (2008) . Plant samples were then cleared of Chl in ethanol, and pictures of the histochemical localization of GUS activity were taken using Axio Zoom v16 or a microscope (Zeiss).
Gene expression analyses by quantitative RT-PCR
Total RNA was extracted using the Plant RNA kit (Omega Bio-Tek) according to the manufacturer's recommendations. Reverse transcription was performed as described above and cDNAs were used for quantitative PCR using HT 7900 (Applied Biosystems) with Power Sybr Õ Green PCR Master Mix from Applied Biosystems. The primers used for PCR are listed in Supplementary Table S1 . The results of quantitative RT-PCR were analyzed through the SDS 2.2 Õ interface. The suitability of the primer sets, and the specificity and identity of the quantitative RT-PCR products were monitored by a melting curve analysis of the PCR products. Each measurement is an average of three independent biological replicates, and the experiment was repeated twice for each biological repetition. The values obtained for the reference genes, actin-8 (At1g49240) and UBP6 (At1g51710), were used for data standardization.
Plant inoculations with Pseudomonas syringae strains and in planta bacterial growth determination
The Pst strains used in this study were grown at 28 C on LB medium supplemented with the appropriate antibiotics: 50 mg ml -1 rifampicin (Pst DC3000), 50 mg ml -1 rifampicin and 34 mg ml -1 chloramphenicol (Pst DC3000 hrcC -), and 50 mg ml -1 rifampicin and 100 mg ml -1 spectinomycin (Pst DC3000 ÁCEL). Arabidopsis plants were grown in short-day conditions (temperature 22 C; 12 h day/night 12 h). After 28 d (8-10 leaves), plants are placed in a high humidity atmosphere for 12 h before infection with a bacterial suspension at the concentrations indicated. Leaf infiltrations were performed on the half abaxial leaf face using a needleless syringe. Six leaves from the same rank were infiltrated either with bacterial suspensions diluted in 10 mM MgCl 2 or with 10 mM MgCl 2 as a control (Heidrich et al. 2011 ). Symptom development was followed every day for 1 week. Quantifications of in planta bacterial growth were performed at 2 dpi as previously described by Leba et al. (2012) .
Quantification of in planta bacterial growth upon inoculation by the coculture method was also performed on young inoculated seedlings (Ishiga et al. 2011) . For this experiment, 10-day-old seedlings were transferred from in vitro culture to 24-well plates (eight seedlings per well) containing liquid MS medium (0.5 Â , pH 5.7, 1% sucrose). After 1 d, inoculation was carried out by replacing the MS medium with the DC3000, hrcC -or ÁCEL inoculum for 12 h. Quantification of bacterial growth was then performed by immersing the seedlings in 70% ethanol for 1 min before rinsing twice with sterile water for 1 min. The seedlings were then ground, and serial dilutions of the eluate performed to quantify bacterial content.
Root growth assays following flagellin and elf18 treatments
Root growth assays were performed as described by Gómez-Gómez et al. (1999) , using 6-day-old seedlings cultured on MS medium. Seedlings were then transferred to MS liquid medium containing sucrose (1%) and MES buffer (0.5 mg ml -1 ; pH 5.7) and supplemented or not with synthetic purified flg22 peptide or acetylated elf18 peptide (1 and 5 mM) for 6 d. Root growth and dry weight were measured at the end of the experiment.
Protein extraction and Western blot analysis
Total proteins were prepared from leaves (1 g) in a buffer containing 25 mM Tris-HCl, pH 7.5, 2 mM EDTA, 1 mM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride (PMSF) at 4 C. After 15 min centrifugation at 16,000 Â g, total protein content was determined using Bradford reagent (Bio-Rad). Equal amounts (15 mg) were loaded on an SDS-polyacrylamide gel before transfer to nitrocellulose membrane, and Ponceau staining was performed before immunodetection. For 3HA-tagged CML8 protein detection, anti-3HA epitope antibodies (3F10 clone, Roche) were used. For PR1, polyclonal antibodies were purchased from Agrisera, and for GAPDH, antibodies were obtained using purified His-Arabidopsis cytosolic GAPDH isoform 1. Secondary antibodies used were conjugated with HRP and developed as recommended by the manufacturer, with HRP substrate producing chemoluminescence reactions (Amersham ECL detection systems, GE Healthcare).
Salicylic acid quantification
Total SA content was determined from Pst-infiltrated leaves according to Tronchet et al. (2010) with some modification. About 250 mg of leaves were ground in liquid nitrogen. Then 50 ng of an internal standard (o-anisic acid, oANI) was added and the samples were mixed in 70% methanol buffer and centrifuged at 10,000 Â g for 20 min. Supernatants were collected and 400 ml of 100% methanol were added to the pellet for re-extraction. SA assay was performed using HPLC fluorescence (Ultimate 3000, Dionex SA), and total SA and oANI were detected and quantified with a spectrofluorimeter (Jasco FP-920 Bouguenais). Data were analyzed using Chromeleon 6.8 chromatography software (Dionex SA). Experiments were performed using three biological replicates, and HPLC analysis was repeated twice. Data are mean values ± SE.
Statistical analysis
Statistical analyses of the data were performed using Excel and Student's t-test (*P < 0.05; **P < 0.01).
Supplementary data
Supplementary data are available at PCP online. 
